ABSTRACT: We examined the extent to which wave exposure and swimming ability shape the ontogenetic distribution patterns of wrasses across the Great Barrier Reef at 2 spatial scales: cross-shelf and within-habitat. Visual censuses were used to record the distribution of juveniles and adults among shelf habitats, and their relative position in the water-column within a single, wave-swept habitat zone. Pectoral fin shape was used as a measure of swimming ability. Examination of fins from a broad size range of individuals indicated an ontogenetic shift in swimming ability in 5 of the 8 species examined. Despite apparent differences in their swimming abilities, juveniles and adults of each species displayed similar distributions across the 11 shelf habitats. Significant differences in habitat distributions were only apparent among species. Microhabitat use within the reef flat, however, displayed a distinct trend of increasing water-column use with increasing size in those 5 species that displayed a marked ontogenetic shift in swimming ability. This shift in microhabitat use appeared to be due largely to flow-refuging behaviour in the small individuals and slow-swimming species. 
INTRODUCTION
Numerous studies on the distribution and abundance of coral reef fishes have provided evidence for both recruitment and post-recruitment processes in shaping reef fish communities (Jones 1991) . Several biological factors have been identified, including behavioural selectivity at settlement, predation, competition and migration (Jones 1991 , Williams 1991 . Despite being a conspicuous physical feature of coral reefs, wave energy has received comparatively little attention in reef fish studies. Although studies have often identified a correlation between wave exposure and the distribution patterns of reef fishes (Williams 1982 , Russ 1984 , Green 1996 , only recently has a possible basis for these correlations been provided. Following the elucidation of a diversity of swimming abilities in the family Labridae (Wainwright et al. 1999 , 2002 , Walker & Westneat 2000 , 2002 , strong correlations between the degree of wave exposure of habitats and the swimming abilities of resident species have been reported , Fulton et al. 2001 . These studies hypothesised that habitats with high water movement may require individuals to maintain higher swimming speeds, versus slow-speed manoeuverability in low water-movement habitats, in order to accomplish daily activities. Those species which are not capable of efficiently sustaining high swimming speeds may therefore be disadvantaged, and consequently display lower abundance or be absent from exposed reef habitats , Fulton et al. 2001 .
Although patterns of labrid swimming ability and distribution have been established among species, little is known of the variation within species. Pectoral fin aspect-ratio is a simple morphological measure which has been demonstrated to be a reliable predictor of swimming ability in labrids (Wainwright et al. 1999 , 2002 , Walker & Westneat 2000 , 2002 . Species within the family exhibit a continuum between the 2 extremes of low aspect-ratio fins, which indicate primarily dragbased thrust, versus high aspect-ratio fins, which are primarily used for lift-based thrust, the latter producing faster swimming speeds for a given size (Vogel 1994 , Wainwright et al. 2002 , Walker & Westneat 2002 . A similar functional continuum in pectoral fin morphology may be expected also to exist throughout ontogeny, particularly in those species which exhibit high aspect-ratio pectoral fins as adults.
Given that adult labrids exhibit species-specific differences in their habitat use which are related to their swimming ability and the wave regime of habitats, an ontogenetic shift in abilities may also be expected to be reflected in an ontogenetic shift between habitats of different wave exposure. Although some labrids have previously been found to settle and recruit directly into adult habitats (Eckert 1984) , ontogenetic migrations between habitat zones have also been recorded in labrids (Green 1996) , and are well documented for other reef fishes (Williams 1991) . Studies in freshwater systems also suggest that fishes displaying an ontogenetic shift in locomotor morphology also exhibit a concurrent shift from slow-to fast-flowing habitats (Sagnes et al. 1997 , Simonovic et al. 1999 . One may therefore predict that labrid species which show an ontogenetic shift in locomotor morphology will also exhibit a shift in habitat use from sheltered to more exposed locations.
Processes operating at smaller spatial scales, such as within habitat zones, have often provided crucial insight into broader-scale patterns. Reef fishes with specific microhabitat requirements have been found to be restricted in their broad-scale distribution and abundance by the presence of a required substratum type (Bell & Galzin 1984 , Munday et al. 1997 , Munday 2000 . Habitat selectivity during settlement appears, in many labrid species, to be driven largely by microhabitat type, regardless of depth (Eckert 1985) . Furthermore, expected distributions of adult labrids across habitat zones, based on their swimming ability, were found to be modified by behavioural use of the watercolumn within wave-swept habitat zones (Fulton et al. 2001) . Use of substratum complexity and boundarylayer effects as refuges from water flow was suggested to be a mechanism by which slow-swimming species were able to persist in high wave-energy habitats , Fulton et al. 2001 . Similar examples of this mechanism have been reported for the ontogenetic distribution of stream fishes (Sagnes et al. 1997 , Simonovic et al. 1999 , and may also operate for juvenile labrids on coral reefs. Could wave energy be structuring fish assemblages not only among species, but also within species? This study aims to examine the relationship between ontogeny of fin morphology and habitat use in labrids.
Firstly, we examine ontogeny in the locomotor morphology of 8 labrid species, which were selected for their abundance and diversity of swimming abilities as adults . Secondly, we examine the distribution of these species across the continental shelf of the Great Barrier Reef. Specifically we examine the extent to which: (1) there are differences in the distribution of adults and juveniles among habitat zones of differing wave energy, and (2) these patterns are correlated with changes in size and inferred swimming ability. Finally, we examine the extent to which microhabitat (water-column) use by labrids within a high wave-energy habitat zone reflects differences in size and inferred swimming abilities during ontogeny.
MATERIALS AND METHODS
Fin morphology. For morphological examination of pectoral fins, a broad size range of individuals (3 to 20 cm total length, divided into 6 size classes, mean 4.8 ± 1.9 SE in each size class) from each of the 8 species were collected by spear and barrier net from the reefs around Lizard Island, Great Barrier Reef, Australia, between January 2000 and January 2001. Pectoral fins were removed at the base as near to the body as possible, then spread but not stretched on a sheet of foam, pinned, and then fixed in position with 100% formalin. A digital image was taken and analyzed using ScionImage (v4.0.2, Scion Corporation) to measure the length of the leading edge and the total fin area (following Fulton et al. 2001 ). Pectoral fin shape was then expressed as an aspect-ratio, which is calculated as: leading edge 2 area -1 . Fish censuses. Censusing of among-habitat distributions was conducted between November 1998 and February 1999 on the northern section of the Great Barrier Reef, with 3 reefs censused at each of the crossshelf locations of inner, mid and outer shelf. Within each reef, 4 habitats were censused: slope, crest, flat and back habitat zones (site details in , with the exception of the inner shelf which lacked a distinct crest. These locations were chosen to encompass both cross-shelf and within-reef gradients of wave exposure. Each census consisted of two 20 min timed swims parallel to the reef crest (modified after Bellwood 1996) . One observer identified and recorded all labrids > 10 cm total length (TL) within a 5 m wide transect (estimated by comparison with a tape at the beginning of the transect). A second observer recorded all small labrids (<10 cm TL) within a 1 m wide transect, taking particular care to locate cryptic individuals. Fish total lengths were estimated in 2.5 cm size-classes if <10 cm TL, and 5 cm size-classes if >10 cm TL. Four censuses were conducted in each habitat zone, on each reef, with a minimum of 20 m separating adjacent censuses. Juveniles were defined as > 25 mm TL (the smallest size censused), and < 30% of the maximum TL stated in Randall et al. (1997) , with the exception of Gomphosus varius (juveniles < 6 cm TL). The area censused in each timed swim was determined using differential GPS (Garmin 12XL, with CSI ABX-3 beacon receiver) to estimate the distance between surface buoys placed at the start and finish of each transect. Trials indicated that these distances were accurate to within 5 m, with an average transect length of 235 m (± 55.5 SE, n = 132). This method allowed for a rapid collection of census data while minimising observer effects .
Censusing of microhabitat use (water-column distributions) was conducted during September to October 1999 on the reef flat of 2 fringing reef sites on the NE aspect of Lizard Island (site details in Fulton et al. 2001) . Following a non-overlapping path over the reef flat, a focal individual census technique was used to record species, total length, and vertical height above the substratum, as each labrid individual was encountered. Lengths were estimated to the nearest 1 cm, distances to the nearest 5 cm. This was repeated until a minimum of 80 observations were obtained for each site for each of the 8 labrid species. Individuals spanned the same size range as those obtained for the fin morphology examinations.
Analyses. Pectoral fin morphology and fish length relationships were examined for each species using least-squares linear regressions of pectoral fin aspectratio against log total length. These regressions were then compared by ANCOVA analysis and GT2 multiple comparison of slopes to determine any major groupings among species (Sokal & Rohlf 1995) .
Cross-shelf censuses were standardised to individuals 100 m -2 to account for differences in transect length and width (1 or 5 m), and then pooled at the level of habitat. Due to the order of magnitude difference between juvenile and adult densities, densities are expressed as proportional values to compare the relative distribution of juveniles vs adults across shelf habitats. These proportions were calculated for each species by dividing the number of individuals present in each shelf habitat by the total number of individuals across all 11 shelf habitats, for 3 transects across the shelf, for each stage of maturity (juvenile/adult). An arcsine transformation following Freeman & Tukey (1950) was performed to remove significant departures from normality (Zar 1984) , and this was verified by the Kolmogorov-Smirnov normality test on each variable and factor combination (all p ≥ 0.06). Two-way multivariate analysis of variance (MANOVA) was then performed on the transformed proportional data, with 11 cross-shelf habitats and 2 maturity stages (juvenile/adult) as fixed factors.
Microhabitat (water-column) use and size relationships for each species, at each site, were examined using least-squares linear regression following log-log transformation. Site effects were determined by separate 1-way ANCOVAs performed on the regressions of total length against height in the water-column from each site for each of the 8 species. Following a result of no site effect with significances of p > 0.2 for each species, water-column use data from each site were pooled for each species following Winer (1971) . An F-test comparing the slopes of the pooled regression equations from the 8 species was then performed, followed by a GT2 multiple comparison of regression coefficients (Sokal & Rohlf 1995) .
RESULTS

Fin ontogeny
Significant ontogenetic changes were found in the 8 species examined, with the degree of change in pectoral fin shape and size varying among species (Table 1, Fig. 1 ). Significant differences between the regression coefficients of each species were evident from ANCOVA analysis (F = 21.54, df = 7,141, p < 0.001), with post-hoc multiple comparisons identifying 2 significant groups (Table 1, Fig. 2 ). These groups separate the species which display a high fin aspectratio as adults (Figs. 1A & 2A ) from those species with markedly lower fin aspect-ratios at equivalent sizes (Figs. 1B & 2B) . The greatest ontogenetic changes in fin shape were seen in those species which displayed 257 (Fig. 1A) . With 1 exception, T. amblycephalum, all species, regardless of adult fin aspect-ratio, displayed a similarly low aspect-ratio (<1.0) at the smallest size range examined (Fig. 1) . T. amblycephalum displayed a high fin aspect-ratio even at this smallest size range (Fig. 1A) .
Cross-shelf and microhabitat-use patterns
Collectively, species displayed significant differences in their among-habitat distributions (Table 2) . Individually, species with adults of high fin aspect-ratio were distributed primarily towards the outer shelf and in habitats with high incident wave energy, whereas the low aspect-ratio species were distributed toward the inner shelf and/or habitats of moderate to low wave exposure (Fig. 3) . Although a significant difference in distributions among habitats was detected, no significant differences were found among maturity stages (Table 2 ). Adults and juveniles of each species displayed similar proportional distributions among habitat zones across the shelf, with no significant difference found between maturity for all species, and no significant interaction (Table 2 ).
Significant ontogenetic changes in water-column use were found in all species, with the increase in water-column use during ontogeny varying among species (Table 3 , Fig. 4) . No significant site effect was identified by ANCOVA analysis on each of the 8 species censused (Table 4) . Regressions of the pooled data (at the level of site for each species) were found to be significantly different between species by an F-test comparing their slopes (F = 25.45, df = 7, 2054, p < 0.001). Multiple comparisons revealed no distinct groups, with species grouped singly or in pairs on a continuum between those with high ( Fig. 4A ) and those with low ( Fig. 4B) aspect-ratio adults, with the exception of Gomphosus varius (Table 3 ). All species exhibited a similarly restricted use of the water column (less than 10 cm above the substratum) at sizes from 0 to 9 cm total length (TL) (Fig. 4) . Differences between species in water-column use with size arose at 9 cm TL or greater (Fig. 4) , except for Thalassoma amblycephalum, which markedly increased water-column use at 7 cm TL. With 1 exception, G. varius, the greatest increase in water-column use during ontogeny was found in those species with high fin-aspect ratios (>1.4) as adults (Fig 4A) . 
DISCUSSION
Marked changes in pectoral fin morphology through ontogeny were evident in 5 of the 8 species examined, namely those which display a high pectoral fin aspect-ratio as adults. When small (4 to 6 cm total length), all species display a similarly low pectoral fin aspect-ratio. Five species displayed an increase in fin aspect-ratio with increasing size, spanning values of 0.75 to 1.95 throughout ontogeny. This within-species range is comparable to the full spectrum of pectoral fin morphologies displayed among species in the family (Wainwright et al. 2002 , Walker & Westneat 2000 , 2002 . In functional terms, this means that the smaller juveniles possess a fin morphology indicative of predominantly dragbased thrust, which is usually associated with slow sustained swimming speeds, compared to the higher aspect-ratio adult fin morphology which is indicative of lift-based thrust and faster swimming speeds for a given size (Vogel 1994 , Wainwright et al. 2002 , Walker & Westneat 2000 , 2002 . This apparent lack of evidence for lift-based thrust at small body sizes is consistent with physical considerations which suggest that such thrust is mechanically inefficient at these small sizes (Webb & Weihs 1986 , Vogel 1994 .
For the 5 species with the greatest ontogenetic change, Thalassoma amblycephalum, T. hardwicke, T. jansenii, Gomphosus varius and Halichoeres marginatus, their fin morphology suggests that the juveniles have a reduced swimming ability compared to the adults. Conversely, the 3 remaining species, Hemigymnus melapterus, Halichoeres melanurus and H. margaritaceus, displayed little change in fin aspectratio with size, with relatively constant values between 0.75 and 1.2, reflecting a similar swimming ability regardless of size or maturity. These aspect-ratios indicate the predominant swimming mode used by indi-259 viduals, which impacts on the relative swimming speeds that can be efficiently sustained for a given size (Vogel 1994 , Wainwright et al. 2002 , Walker & Westneat 2002 , but see Drucker & Jensen 1996 . Size itself is also important for the actual speeds achieved in fishes, with smaller individuals exhibiting slower actual speeds compared to larger conspecifics (Vogel 1994) . Ultimately, this implies that for those species which show a dramatic shift in fin morphology, the shift in actual swimming speeds between juvenile to adult is considerably more dramatic than in those species which lack such a shift in fin morphology. Contrary to expectations that an ontogenetic shift in swimming abilities would coincide with an ontogenetic shift in distributions, no differences in among-habitat use were observed between the juveniles and adults of each species. The greatest abundance of juveniles were located in the same habitat zone as the greatest abundance of adults, for all species examined. This is despite the fact that those species that displayed a pronounced change in fin morphology through ontogeny (suggesting differential swimming ability between maturity stages) also tended to occur predominantly in high wave-energy habitats and/or shelf locations. Such locations would be expected to be most disadvantageous for their slower swimming juveniles, compared to other habitat zones, due to the higher sustained swimming speeds generally associated with daily activities in these locations. Regardless of the apparent disadvantages, it appears that these juveniles spend a large proportion of the juvenile phase in the adult habitat, i.e. zones of high wave energy. Indeed, many appear to recruit directly to these locations (C. J. Fulton & D. R. Bellwood pers. obs.), perhaps as a result of gregarious settlement (Eckert 1984) .
Matching juvenile-adult distributions, despite indications that swimming abilities differ between maturity stages in some species, suggests that ontogenetic distribution patterns may not be a direct result of wave energy. Given that many labrids have been found to settle in non-adult habitats (Eckert 1985) and undergo post-recruitment migrations between habitat zones (Green 1996) , the potential for migration during ontogeny does exist. Why then, is migration not used by these species as a mechanism to avoid such apparently disadvantageous conditions? Is there another mechanism operating which ameliorates the impact of wave energy on these juvenile individuals? Microhabitat use of the water-column appears to be one such mechanism, with water-column use by these species showing clear ontogenetic trends. These species-specific patterns of water-column use were congruent with the different ontogenetic development of fin morphologies. Those species which displayed marked changes in fin shape with growth likewise displayed an increase in water-column use with increasing size, with juveniles less than 20 cm above the substratum compared to an average of up to 100 cm in the adults (Fig. 5) . Stream fishes exhibit a similar ontogenetic distribution pattern, remaining in close proximity to the substratum at small sizes, with movement towards higher flow, mid-stream locations with increasing size (Sagnes et al. 1997 , Simonovic et al. 1999 . Remaining close to the substratum may indicate refuging behaviour, involving use of the boundary layer and substratum structures as water flow refuges (Vogel 1994 , Gerstner 1998 , Gerstner & Webb 1998 . Use of this reduced flow adjacent to the substratum avoids the need for excessive swimming activity to maintain station and conduct daily activities (Vogel 1994 , Webb 1994 , Gerstner 1998 . Such a behavioural mechanism would thus allow the juveniles to avoid the disadvantages associated with high wave-energy habitats and alleviate the need for ontogenetic migrations between habitats. Ontogenetic migrations by these species do occur in response to wave energy, but are manifest at the smaller scale of within habitats (i.e. distance from the substratum), rather than between habitats (Fig. 5) . Table 1 , Fig. 1 ). Full specific names as in Table 1 Maintaining close proximity to the substratum has other advantages. Given that the most dramatic shift in water-column use occurs around a similar size range (10 to 12 cm total length) for most of the species observed, size-dependent predation risk may also be important. Juveniles of most reef fishes tend to occur in close proximity to the substratum, probably as a mechanism to avoid predation by maintaining quick access to refuges (Hixon & Beets 1993) . Several experiments in freshwater systems have demonstrated that restricted habitat use by juvenile sunfishes was due to size-related predation risk (Mittelbach 1981 , Werner et al. 1983 , Werner & Hall 1988 . However, minimal use of the water-column was not restricted to juveniles. Those species which did not exhibit a major shift in fin morphology with size, but maintained a low aspectratio (indicating slow sustained swimming speeds) throughout ontogeny, also exhibited a similarly restricted water-column use, even at adult sizes (Fig. 5) . This suggests that size-related predation risk is not the only mechanism operating and lends support to the suggestion that swimming ability may be the major constraining factor in such locations.
It is interesting to note that there is strong congruence between among-species and within-species patterns of water-column use. Labrid species which have an average adult fin aspect-ratio of >1.55 tend to use the water column more extensively than species with lower aspect-ratio fins (Fulton et al. 2001) . Similarly, in those species which exhibit an increase in water-column use with growth, the size at which the most dramatic increase occurs (10 to 12 cm total length) corresponds to when a mean aspect-ratio of around 1.4 to 1.6 is obtained. It is also noteworthy that Thalassoma amblycephalum reaches this fin morphology at a smaller size (7 to 9 cm total length) than the other species examined, and concurrently exhibits an increase in water-column use at this smaller size. One major exception to this general trend is Gomphosus varius which, despite reaching a high average aspect-ratio value of 1.78 at the largest size examined, displayed a similar degree of water-column use as those slower swimming adults with much lower maximum aspectratios. This represents a case in which the potential for a species to use the water-column exists, but is not realized. Rather, it appears that this species uses such locomotor abilities to travel large horizontal distances during short-term foraging forays (Fulton & Bellwood 2002) .
Previously it has been difficult to discriminate between the relative importance of biological and physical factors in labrid distributions, largely due to a lack of adequate information on the post-recruitment ecology of labrids, apart from indications that ontogenetic migrations (Green 1996) and estimated adult swimming abilities may be important , Fulton et al. 2001 ). The evidence presented herein suggests that both biological and physical aspects may be important. Numerous studies have identified a host of biological factors modifying recruitment and post-recruitment patterns in reef fishes, including predation, food availability and competition (Jones 1991 , Williams 1991 . This study emphasizes the potential for non-biological factors to have a significant impact on both recruitment patterns and post-recruitment behaviour, and possibly evolutionary fitness. Physical factors are often regarded as important for invertebrates on coral reefs (particularly corals); this work emphasizes the potential impact of physical factors on other more mobile coral reef taxa, including fishes. Fig. 5 . Schematic illustration of ontogenetic water-column use in the 2 major groups found in this study: the elongate fish represent those species which exhibited a marked increase in pectoral fin aspect-ratio with increasing size, the deep-bodied fish represent species which exhibited relatively little change in pectoral fin aspect-ratio with growth
